RELATIONSHIP AMONG THE FIRING TEMPERATURE, WETTING PROPERTIES AND COLONIZATION OF FUNGI ON CLAY ROOFING TILE SURFACES

INTRODUCTION
Nowadays, clay roofing tiles are widely used as exterior building components and their durability is one of the most important requirements to be considered in the structural design of modern buildings (1) . Chemical, physical and biological factors cause progressive transformations of building materials. These changes are generally reported as deterioration being influenced by several factors: design and construction techniques, environmental conditions, and material properties (2, 3) . Many papers in the field of civil engineering have analyzed the factors which affect the durability of some construction materials while the examination of clay roofing tiles has not received the same attention (1) . There are available experimental data about clay roofing tiles wetting properties: surface roughness, contact angle and surface energy values as well as surface microstructure, based only on mineralogical, microstructural and textural properties without any correlation with surface characteristics of these building materials. For this reason, the experimental investigations in this paper were performed by combining the data of both material-relevant parameters and wetting properties of the tile surface in order to find out the correlation between the surface characteristics of clay roofing tiles and the deterioration phenomena. The wettability of clay roofing tiles plays a key role that affects the physical and chemical processes during materials exploitation (4, 5) . There are investigations which consider modeling of "simply rough" engineering surfaces, but wettability of these surfaces and the spreading phenomena of the real engineering surfaces have not yet been adequately investigated. Wettability is usually quantified in terms of the values of contact angle, but with not enough attentions to wetting properties (6, 7) . The primary parameters that describe the wetting characteristics are the initial and static contact angles, which are defined as the angles that a liquid makes with a solid surface. The only difference between the mentioned angles is the measurement procedure: the initial contact angle is measured in the first second of the contact of the liquid and the substrate surface, while the static contact angle is usually measured after the first 20 s (6) . If the liquid wets the surface (hydrophilic surface), the value of the contact angle is 0≤θ≤90 o , whereas if the liquid does not wet the surface (hydrophobic surface), the value of this contact angle is 90≤θ≤180 o . Surfaces with a contact angle less than 10 o are called superhydrophilic, while the surfaces with a contact angle between 150 o and 180 o are called superhydrophobic. Wetting may lead to the formation of a concave shaped meniscus during the static or sliding contact at the interface between the hydrophilic solid body and the liquid phase. The meniscus develops a negative pressure leading to an intrinsic attracttive force which increases adhesion phenomenon (8) . Considering the wetting phenomena, clay roofing tiles with non-adhesive properties of the surface are more durable. In such cases, the solid surfaces have a high contact angle and the water droplets together with the dirt particles are being rolled off. Surface roughness affects the value of the contact angle even on the surfaces with precisely controlled chemistry. The roughness and hydrophobicity of the clay roofing tile surfaces affect also the adhesion of microbiological cells, as they are the dominant factors for the development of different microorganisms in their natural exploitation environment. In view of the fact that the values of the contact angle depend on several factors, such as surface energy, surface roughness, cleanliness and tile surface chemistry, the aim of the paper is to analyze the influence of these parameters on the surface wetability and on the biodurability of the clay roofing tiles fired at two temperatures (900 and 1020 o C). The influence of these tile properties on the development of a fungus (Aspergillusniger ATCC 6275) as a model microorganism on the examined tile surface is analyzed in the paper.
EXPERIMENTAL
The subject of our investigation is the examination of six different clay roofing tile systems, shaped and dried in industrial conditions and fired in the laboratory at five different temperatures: 900 o C, 920 o C, 960 o C, 1000 o C and 1020 o C. The dried sample is denoted as DS, and the fired samples as S900, S920, S960, S1000 and S1020. Three specimens (5cm x 5cm) are cut from each sample (one in the central position, two at the mar-gins) and all examinations were done on these specimens ( Figure 1 ). The temperature firing regime is presented in Table 1 . Free cooling
The phase composition is determined by XRD analysis (Philips PW 1710 instrument) under the following experimental conditions: monochromatic CuKα radiation with 1.54178 Å wavelength in the 10-60° of 2θ range, scan rate 0.02 o , 0.5s per step. Considering the water absorption values, the following values were measured: 24 h of cold water absorption (SRB. EN.B.D8.010) and 5h of boiling water absorption (ASTM C1167-03). In order to find the correlation between the water absorption values and the surface quality, a certain volume of water was dropped on the surface of clay roofing tiles and the time of its absorption was measured and presented as μl/s. The mechanical properties of the clay roofing tiles were determined based on micro-Vickers technique with a mechanical testing equipment (Microhardness tester model HVS 1000A). The contact angle between the water and the surface of the tested materials was measured using Surface Energy Evaluation System, Advex Instruments, (Brno, Czech Republic). The water droplets of about 5 μl in volume (with the diameter of 2 mm) were gently deposited on the tile substrate using a micro syringe. All measurements of the initial (after 1 s) and of the static (after 20 s) contact angles, at room temperature, were performed at five different points for each of three specimens of the clay roofing tile sample. The colonization of the samples was performed with the fungus Aspergillusniger ATCC 6275. A potato dextrose agar (Merck, Darmstadt, Germany) was used for the maintenance and cultivation of the fungal strain. The examined samples of clay roofing tiles (Samples S900 and S1020) were placed into Petri dishes with the melting solid medium (1.5% agar, Merck, Darmstadt, Germany) poured up to the tile surface. A quantity of 100 μL of spore suspension mixed with the soil extract medium was placed on the tile surfaces and on the control sample (solid agar). Incubation is done at room temperature for 28 days. At defined time intervals (every 6 days up to 28 days), the changes on the tile surface (appearance and spreading growth of the fungal mycelia) were followed by optical microscopy and by measuring the initial contact angle values.
RESULTS AND DISCUSSION
The X-ray analysis of the raw material composition (Figure 2a) identified the presence of chlorite and smectite as clay minerals, as well as the presence of quartz, mica, feldspar and calcite. The appropriate combination of the mentioned minerals is very important for the final characteristics of the clay roofing tiles, in order to obtain crystal structure (gehlenite/anorthite or similar crystal forms) that could provide adequate mechanical properties for the durability of the final products.
The X-ray analysis of the samples (Figure 2b ) fired at lower temperatures (900 and 920 o C) in addition to the dominant quartz presence revealed the presence of low crystallized form of melilite (isomorphic form of gehlenite and anorthite), mica (layered silicates) and some mineral forms from the feldspar group, as well as the presence of hematite. The samples fired at higher temperatures (960 and 1000 o C) were characterized with the presence of quartz (as the most dominant mineral phase), minerals from the feldspar group, hematite, melilite, and only traces of the layered silicates (mica). The samples fired at the highest temperature (1020 o C) were the only ones which contained diopside crystal form (weak peaks), probably since this form just begins to be created at this temperature. The presence of quartz, feldspar mineral forms, hematite and melilite was identified too, whereas the presence of mica was not identified.The values of the water absorption of the examined samples of clay roofing tiles are given in Table 2 . The highest values of water absorption were measured for the samples fired at the lowest temperature (900 o C), while the samples fired at the highest temperature (1020 o C) had the lowest value of the water absorption. The Vickers hardness values of the clay roofing tiles under the load of 1N are shown in Table 3 . Based on the water absorption values (Table 2 ) of the samples fired at higher temperature, lower values of the porosity and higher values of the Vickers hardness can be expected. However, the clay roofing tiles fired at 900 o C showed the highest values of the Vickers hardness. This could be explained by the fact that the unreacted crystal forms such as feldspar and quartz, possessing high values of the Vickers hardness are still present in the fired sample S 900. The values of the surface roughness (parameter Ra) are presented in Table 4 . As it was mentioned before, the roughness of the solid surfaces affects the microorganisms" adhesion, but it was also found that Ra ≤ 0.2 μm appeared to have a negligible effect considering this phenomenon. In the case of the examined samples, all Ra values are higher than 0.2 μm, and this parameter has evidently a high influence on the microbiological adhesion to the tile surface. Average values of the initial contact angle and surface energy are also given in Table  4 . As the absorption of the water drops for the examined samples of clay roofing tiles was very fast (Table 2 and Figure 3) , the static contact angle of the investigated samples (after 20 s) was not formed. By comparing theresultsof the roughness and of the initial contact angle, it is possible to conclude that a greater surface roughness leads to smaller values of the contact angle (cases of the samples 900, 920 and 960 o C). Considering the biodurability it could be expected that more durable would be the samples of the clay roofing tile fired at the lowest temperature, as this tile surface has the highest value of the contact angle and non-adhesive properties ( Table 4 ). The small contact angle in the case of the sample fired at 1020 o C, is probably a consequence of the newly formed glassy phase, typical for this kind of systems fired at a relatively high temperature. However, it is important to keep in mind that clay roofing tiles are the systems with high surface heterogeneity. A one-sided conclusion, considering their biodurability, based only on the contact angle values (surface free energy) could lead to a wrong prediction. The monitoring of the growth of microorganisms on the examined tile surfaces was done in order to assess the influence of the contact angle values on the biodurability. The fungus was Aspergillusniger is colonized on the tile samples fired at 900 and 1020 o C, and the contact angle measurements, as well as optical microscopy investigation, were done in the defined time periods (from 0 to 28 days; Figures 4, 5 and Table 5 ). Based on the results shown in Table 5 , it can be noticed that after the placing of the soil extract without fungal spores on the tile surface, the values of the contact angle for the samples S900 and S 1020 are almost the same (22.01 for S900 and 26.04 for the sample S1020). Lower contact angle values in the case of the tile samples with the soil extract (Table 5 ), in comparison with the ones without soil extract (Table 4) , are a consequence of the hydrogen bonds formation between the adsorbed water and the tile surface. The similarity considering the contact angle values for the samples S900 and S1020 with the soil extract was observeduntil the18 th day, when the sample S900 showed an increase in the contact angle values (Figure 4 ) Thiscan beexplained by the fact that the primary stage of the colonization process, the first 18 days, is highly related to the surface characteristics of the tiles, while after 18 days (the second stage) the bulk characteristics of the tiles play the dominant role. The optical microscope investigation (Figure 5 ), the sample S900 showed stronger colonization of the fungus than the sample S1020. In the first stage of colonization, the adhesion of the microorganism is the function of the tile surface characteristics (the samples S900 and S1020 have similar surface roughness, Table 4 ). After the fungal adhesion, its growth in the later stage is influenced by the bulk characteristics of the samples. Namely, the sample S900 possesses higher values of porosity than the sample S1020 (Table 2 ). This fact is caused by the retention of the water necessary for the growth of the microorganisms. Based on the results of the optical microscopy investigation it can be concluded that the values of the contact angle before the microbiological colonization (Table 4) , are not reliable indicators in the prediction of tile durability. Regarding the development of conidiophores with a lot of conidial heads on the surface of the sample S 900 (Figures 5b  and 5c ), contrary to the state of the non-colonized parts of the tile surface and the presence of small number of hyphae without reproductive organs, the sample S1020 (Figures 5e and 5f), it is possible to conclude that the textural proprieties of the tiles (Table 2) , are the key factor to the microbial growth and hyphae propagation. Namely, the high value of water absorption in the case of the sample S900 helps its flow from the agar deposited on the tile surface to the tile interior. -All the examined fired clay roofing tiles have similar mineralogical composition but different surface and textural properties as the consequence of different firing temperature. -The surface characteristics, Vickers hardness HV1, surface roughness and the contact angle values of the clay roofing tiles, appeared to be inadequate indicators for the prediction of the biodurability of clay roofing tiles. -Colonization and monitoring (optical microscopy and contact angle measurements/28 days) of the model microorganism, Aspergilusniger, grown on the surface of the tile samples indicated that the sample S1020 possesses the highest biodurability due to its low water absorption value (8.60 %). -The colonization process of the fungus Aspergilusnigeris going through two stages. In the primary stage (the first 18 days), the colonization process is highly related to the capacity of microorganisms to be attached to the tile surface, the surface characteristics playing the dominant role, while in the second stage (after 18 days), the water absorption values are the key factors for the fungus development.
